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Carbon nanothreads are a rapidly growing class of 1D nanomaterials with sp>-hybridized diamond-like
backbones. They are typically synthesized through pressure-induced polymerizations of aromatics, result-
ing in diverse structures and functionalities. Aside from precursor selection, there are limited means to
control reaction pathway or polymerization outcome. Analogous to selection rules that govern outcomes
in molecular chemistry, we investigated thermally and photochemically mediated pressure-induced poly-
merizations of 1,4-cyclohexadiene and explored the resultant products. Thermally mediated polymeriz-
ation of 1,4-cyclohexadiene yields a crystalline product; yet identification of the backbone architecture is
complicated by the product’s less ordered packing in which only two Friedel pairs are observed. Support
for cyclobutane-based structures is present when comparing experimentally-obtained data to computed
structures, yet further evidence suggesting eliptical cross-sections consistent with anti-cyclobutanes is
obtained when comparing experimental data obtained from a Paris Edinburgh (PE) synthesis. In contrast,
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the recovered product obtained from the photochemically mediated polymerization exhibits different
d-spacings and is consistent with simulations that support a single pathway toward highly elliptical syn-
cyclobutane-linked nanothreads. These results suggest that photochemistry can enable reaction selecti-
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Introduction

Pressure-induced polymerization of unsaturated precursors
has often yielded amorphous hydrocarbon networks.'™
Recently, the high pressure polymerization of aromatic mole-
cules realized a new class of materials - coined nanothreads -
when the slow solid-state compression of benzene afforded a
distinct crystalline product.®” Nanothreads are synthesized
through a pressure-induced polymerization®>° that leverages
the kinetic control of the organic solid state to enable covalent
bond formation along reactant stacks within a molecular
crystal. NMR spectra obtained for benzene- and furan-derived
nanothreads supported polymerization through repeated [4 +
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2]-cycloadditions.*"® In contrast, cubane-derived nanothreads

were the result of radical polymerization.'® Whereas such reac-
tions are dictated by the solid-state arrangement of precursor
molecules,’”>* methods to select specific reaction pathways
and access new architectures remain largely unstudied.

In solution-based and solid-state organic synthesis, heat
and light are often used to achieve different product and/or
mechanistic outcomes. Orbital symmetry and the Woodward-
Hoffmann selection rules dictate pericyclic reaction pathways>°
often enabling different products and/or stereoisomers under
photochemical (versus thermal) conditions. Translating this
concept to macromolecular systems, in particular carbon-
based nanothreads, could enable different mechanisms and
stereochemical outcomes to be achieved. Moreover, the use of
photochemistry to direct nanothread formation may realize
alternate architectures and/or facilitate reactivity.

Recently, photochemical irradiation was reported to reduce
reaction pressures for nanothread formation.”*' Monomeric
pyridine, for instance, formed well-ordered sp®-rich products
using laser or broadband irradiation. In the polymerization of
furan, nanothread formation was also observed at reduced
pressures; quantum mechanical calculations revealed that a
photochemically allowed [4 + 4]-cycloaddition was favored as
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the initiation step® in contrast to thermal polymerizations,
thus enabling propagation through more energetically-favor-
able [4 + 2]-cycloadditions. While the introduction of light to
access a structurally diverse array of 1D polymers is well-
studied,**° leveraging photochemistry to selectively dictate
polymer structure (compared to thermal means) in strict
analogy to molecular systems has yet to be documented.

Here, we investigate 1,3- and 1,4-cyclohexadiene as mono-
mers for pressure-induced polymerization with the objective of
interrogating non-aromatic compounds as new precursors
toward sp’-rich rigid polymers. We hypothesize the nature of
the diene - conjugated or skipped - would dictate which
polymerization mechanisms are viable, while expecting
different pathways compared to benzene.® Previous dimeriza-
tions of 1,3-cyclohexadiene have reported observing a mixture
of products; these results suggested that [2 + 2]-cycloaddition
and [4 + 2]cycloaddition were in direct competition.*"*>
Dimerizations of substituted 1,4-cyclohexadienes, although
lesser studied, result predominantly in cyclobutane linkages.*®
In studies with these isomeric, yet structurally distinct mono-
mers, we became interested in using our photochemical
method® to investigate alternate reaction mechanisms and/or
product formation, hypothesizing that heat and light mediated
polymerizations likely afford different products with fewer
accessible reaction pathways with light. Our hypotheses, while
in analogy to molecular organic chemistry, contrast traditional
polymerizations wherein heat and light are less known to
dictate the resultant polymerization mechanism, and thus,
polymer backbone.

Results and discussion

We hypothesized that 1,3-cyclohexadiene could polymerize
through a series of [4 + 2]-cycloaddition reactions analogous to
degree-4 nanothreads derived from aromatic precursors such
as benzene and furan.'®'> Whereas non-aromatic n-bond-con-
taining molecules have not been explored, we envisioned that
1,3-cyclohexadiene’s intrinsic conjugated s-cis diene, akin to
furan, might enable facile nanothread formation through
sequential [4 + 2]-cycloadditions.

Liquid 1,3-cyclohexadiene was loaded into a diamond anvil
cell (DAC), where it solidified into an amorphous phase at
approximately 1.5 GPa, as confirmed by a lack of lattice modes
observed in the Raman spectrum (Fig. S1t). We studied the
diene’s thermal (20-22 °C) reactivity up to 21 GPa using in situ
Raman and infrared (IR) spectroscopy. Attempts to polymerize
1,3-cyclohexadiene however, invariably achieved an amorphous
C(sp®)-rich product (see ESIf). We attributed the ill-defined
product to competing pericyclic reactions which are both
experimentally*"*?> and computationally supported.**

In contrast, 1,4-cyclohexadiene features a skipped diene,
which would both disable [4 + 2]-cycloaddition pathways and
likely favor cyclobutane products. Monomeric 1,4-cyclohexa-
diene may de facto realize new architectures from the
pressure-induced polymerization. We calculated the reaction
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free energies associated with oligomerization through theore-
tical reactions (Fig. S30 and S31%) resulting in partially and
fully saturated structures attainable through Zigzag (ZZ),
Armchair (AC), and Cyclobutane (CB) pathways (Fig. 1). Our
calculations suggested that propagating [2 + 2]-cycloadditions
toward CB-linked structures was thermodynamically favorable
when the reacting molecules of 1,4-cyclohexadiene are stag-
gered. Further, radical mechanistic pathways toward AC or ZZ
architectures were disfavored upon initiation (see ESIT).

The pressure-induced polymerization of 1,4-cyclohexadiene
was first investigated up to 21 GPa at 20-22 °C in a DAC. We
observed the broadening and shifting of C-H stretching
modes at increased pressures using in situ IR spectroscopy
(Fig. 2). All other vibrational modes broadened with increased
pressure, while the sp® stretching modes decreased in intensity
between 14 and 15 GPa. In the recovered spectrum at 0 GPa,
stretching in the C-H sp” region shifted to lower wavenumbers
(from 3054 to 3017 cm™ ') while sp® stretching modes from
2948 to 2881 cm ' merged into a broad peak centered at
2917 ecm™'. New ring deformations at 886 cm ' and new
bending vibrations were seen at 620 and 953 cm™ ' suggesting
a new chemical environment in the product. Additional
vibrational modes observed at 1035 and 1475 cm ' likely
corresponding to ring breathing modes, along with new sp®~
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Fig. 1 Possible structural outcomes from a one-dimensional polymer-
ization of 1,4-cyclohexadiene with different connectivity patterns.
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Fig. 2 Insitu IR spectral overlay from the compression and decompres-

sion (}) of 1,4-cyclohexadiene to 21 GPa. Asterisks denote new peaks.
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sp® bending modes were observed, consistent with a reaction
under pressure (Fig. S61). Prominent HC=CH bending modes
of 1,4-cyclohexadiene at 1160 cm™" were absent in the recov-
ered spectrum, indicating consumption of precursor.
Additionally, IR spectroscopy of the recovered product
suggested ~80% of the C-atoms are sp® hybridized (see ESIT).”

In a separate experiment, in situ Raman spectroscopy
showed an increased PL background between 14 and 18 GPa
(Fig. S5t), which is often indicative of a chemical change. This
coincided with C-H broadening in the aforementioned IR
spectroscopy experiment. After 24 hours at the maximum
pressure, the sample was decompressed. A phase transition
was seen with in situ Raman spectroscopy. This was supported
by new vibrational modes appearing as low as 2.5 GPa, at
which point the sample no longer matched the reported
ambient pressure Raman spectra for 1,4-cyclohexadiene.®
Synchrotron XRD of the recovered sample showed two interpla-
nar spacings with da4 hour = 6.04 and 5.83 A (Fig. 3).

In an in situ PXRD experiment, 1,4-cyclohexadiene was com-
pressed to 21 GPa and held at that pressure for 96 hours to
monitor the crystalline product. The reported low temperature
crystal structure of 1,4-cyclohexadiene does not index to the
high-pressure experimental sample above 4 GPa, suggesting a
distinct high-pressure phase. With an unknown high-pressure
molecular phase, we traced the XRD during decompression of
the crystalline product. We recovered a product with two inter-
planar spacings (dosnour = 6.14 A and 4.90 A (Fig. 3)) that
suggested anisotropic packing (Fig. 4). We observed expansion
of the interplanar spacings throughout decompression which
was more pronounced over the last 2 GPa (Fig. 5).

Decompression data from the in situ XRD experiment
(96-hour sample) was compared to the simulated diffraction of
1,4-cyclohexadiene-derived materials to gain insights into
product formation. The simulated structures included both
degree-2 (unsaturated (unsat)) and degree-4 (saturated (sat))
nanothreads of Zigzag (ZZ-unsat and ZZ-sat) and Armchair
(AC-unsat and AC-sat) connectivity, along with cyclobutane
(CB)-links, and crosslinked materials (see ESI{ for all simu-
lated structures and packings). Some categories of structural
candidates were easily eliminated owing to disagreement
between simulated and experimentally obtained d-spacings.
For example, the simulated diffraction for sheet-like products
(Fig. S27 and S28%) deviated significantly from the experi-
mental decompression data; thus, structures of this dimen-
sionality could be excluded.

96 hr hold
21 GPa

96 hr hold 24 hr hold

0 GPa 0 GPa

o fgi

Fig. 3 Recovered gasket diffraction from experiments that polymerized
at the max pressure for 96 hours and 24 hours.
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Fig. 4 Simulated structures and anisotropic packings relaxed at 0 K and
0 GPa. The number of consecutive hydrogens (shown with brackets)
along the backbone is used to differentiate CB-syn packings. The anti-
pair of hydrogens is circled.

The non-rigid unsaturated structures each have two distinct
conformations (eclipsed and staggered); the unsaturated stag-
gered conformations yielded one d-spacing exceeding 7.0 A,
which is excluded by experimental data. Unsaturated eclipsed
conformations are more than 0.7 eV higher in enthalpy per
precursor than staggered counterparts (which is not overcome
by PAV enthalpy differences at the reaction pressure).
Furthermore, these two structures are conformational isomers
and the eclipsed may convert to staggered at ambient con-
ditions; thus, the eclipsed conformation was also ruled out.

To examine nanothread candidates, we assumed the
observed reaction product Friedel pairs are associated with the
two-dimensional lattice of thread packing, despite only seeing
two of the expected three pairs; such peaks are typically more
easily observed than those from axial periodicity and strong
orientational order, presumably due to longer-ranged struc-
tural order in the packing direction.

The remaining thread candidates included CB-syn, CB-anti,
ZZ-sat, and AC-sat structures (Fig. S29t). CB-syn threads would
be formed from propagating [r2s + n2s]-cycloadditions which
are traditionally understood as symmetry forbidden.*® In con-
trast, CB-anti threads would arise from symmetry allowed [rn2s
+ n2al-cycloadditions. While they are 0.25-0.5 eV higher in
enthalpy per precursor and more than 0.4 eV higher in gas
phase dimerization barrier than CB-syn threads, this reaction
would be symmetry-allowed under thermal conditions. The
dimerization barrier is computed by slow-growth method
implemented through VASP.*”"*° For simulated CB-syn struc-
tures, the number after the conformation indicates consecutive
hydrogen pairs along one side of the backbone. For instance,
CB-syn-3 has three consecutive hydrogen pairs, which accumu-
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Fig. 5 Experimental (96-hour sample) and simulated X-ray diffraction
data for the polymerization of 1,4-cyclohexadiene: (top left) overlay
tracing decompression with blue circles, squares, and triangles high-
lighting relevant peaks and (top right, middle and bottom panels) com-
parison of experimental d-spacing to simulated diffraction data for
different packings.

lates curvature that manifests as a more circular nanothread
cross-section in projection along the axis (Fig. 4), similar to
that of AC-Sat. In contrast, the lack of curvature in CB-syn-1
produces a more elliptical cross-section. Lastly, CB-syn-1 and
CB-anti structures pack quite differently although both are
overall elliptical. Moreover, given the steric constraints
imposed by a [r2s + n2a]-cycloaddition, alignment and packing
of curved anti-CB threads arising from such reactions might be
expected to be ill-defined.

We compared the simulated diffraction data for these
remaining structures with in situ XRD from decompression at
21 GPa (Fig. 5). Unmarked peaks at approximately 8° and 9° 26
were attributed to precursor and not analyzed further. Those
marked by solid blue circles and solid blue squares likely arise
from the two-dimensional lattice of thread packing. The com-
bination of a long (blue circle) and short (blue square)
d-spacing indicated an ellipticity only achievable by CB-threads
(Fig. 5). A weak set of Friedel pairs with the same d-spacing as
the blue squares was observed at 21 GPa but not at ambient
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pressure. Having two sets of similarly spaced Friedel pairs is
consistent with the CB-threads in simulations (Fig. 5). A weak
broader peak marked with a hollow blue triangle, which is
close to a peak of the precursor molecular crystal, disappeared
at ambient pressure. Its variation in d-spacing under decom-
pression also differs from those d-spacings associated of with
thread packing. Therefore, this hollow triangle peak was not
included in analysis of thread packings.

Considering the solid circle and square peaks, the d-spa-
cings from the 96-hour sample matched well, at all pressures,
with simulated CB-threads (Fig. 8), although the absence of
the expected third d-spacing complicates absolute assignment.
The abrupt expansion on decompression is characteristic of
other nanothreads'® and is attributed to release of pressure-
induced straightening of the threads around on-thread struc-
tural defects (the disorder associated with this “destraighten-
ing” may account for the unobservability of all d-spacings
upon recovery). Moreover, XRD obtained on the 24-hour
sample (Fig. 3) similarly only showed two Friedel pairs and
lacked a second long or short d-spacing. Although both CB-
based threads and AC-sat threads align best with observed
d-spacings, the absence of an expected third set of quasi-hex-
agonal Friedel pairs prevents a more confident identification
of its reaction product.

We conducted a synthesis in the Paris Edinburgh (PE) press
that mimicked the 24-hour experiment (i.e., the sample was
held at the maximum pressure for 24 hours). The cyclohexa-
diene-derived solid produced in a PE press showed a strong
diffraction, with d-spacings of 5.78 and 4.94 A (see Fig. S341).
This sample similarly lacked the expected third d-spacing; this
consistent observation of only two interplanar spacings may
be the signature of products that experience ill-defined (and
perhaps inconsistent) packing unlike conventional nanoth-
reads whose structures are poly(adamantane)-like and more
rigid. Considering that the thermal experiments do not follow
any different synthetic protocols, aside from the time held at
the maximum pressure, the combined experiments (Table 1)
suggest convergence on an elliptical product with one short
and two long interplanar spacings, with each experiment
resulting in two of those being defined in the resultant XRD.
This convergence also matches with the cyclobutane product
whose stereochemical outcome is consistent with the sym-
metry-allowed [n2s + n2a]-trajectory, thus enabling a more con-
fident ruling out of other [2 + 2]-dimerization-based products.

Overall, the thermally mediated polymerization of 1,4-cyclo-
hexadiene supports the formation of an elliptical product
whose packing appears to be ill-defined in comparison to

Table 1 Summary of d-spacings arising from thermal experiments,
both in a DAC and PE press

24-hour (DAC) 96-hour (DAC) 24-hour (PE press)

6.04 A 6.14 A —
5.83 A - 5.76 A
— 4.90 A 4.94 A

This journal is © The Royal Society of Chemistry 2025
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other nanothreads that pack more densely. The combined data
supports the formation of cyclohexadiene-based nanothreads
with architectures supporting either the CB-anti or ZZ-sat
product by way of pericyclic and radical-type mechanisms,
respectively. Of the two, the CB-anti threads have a closer
match between experiment and simulated structures; we do
note, however, that the low symmetry of the CB-anti threads
and overall high enthalpies may enable multiple slightly
different packings. Moreover, optimized oligomer structures
(see ESIf) indicate some degree of curvature that would
support less dense packings. In contrast, we will show that the
photochemically mediated reaction affords an ordered thread
that features all expected Friedel pairs, along with a highly
elliptical cross-section associated with CB-syn-threads that
arise from a single reaction pathway.

To explore photochemical reaction pathways, and/or reduce
reaction pressures, polycrystalline 1,4-cyclohexadiene was com-
pressed and irradiated using a high-pressure mercury lamp
(HBO103 W/2, OSRAM) in a DAC. Several conditions were
tested, varying maximum pressure and exposure time (see
ESIT). The optimal experiments reached a maximum pressure
of 18 GPa, then were exposed to UV light in three one-hour
increments with Raman scans taken immediately after each
exposure (Fig. 6). Spectra showed broadening of diene
vibrational modes under pressure and a slight increase in PL
background at the maximum pressure. After each UV light
exposure, the PL background increased significantly, likely due
to chemical transformation. IR spectra of the recovered solid
featured an intense C-H stretching peak below 3000 cm™
(Fig. S71), along with new vibrational modes at 1035 and
1475 cm™ " which likely correspond to a ring breathing mode

UV 2h

UV 1 hr

18.2 GPa

16.2 GPa

400 800 1200 1600 2000 2400 2800 3200

Raman Shift (cm'1)
Fig. 6 In situ Raman spectral overlay of the photochemically mediated

compression of 1,4-cyclohexadiene to 18 GPa and subsequent Raman
scans after each 1-hour irradiation period.
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and new sp’-sp® bending modes. Collectively, these obser-
vations suggested that the sample underwent a successful
reaction.

Synchrotron X-ray diffraction of recovered gasket samples
showed a pseudo-hexagonal diffraction pattern with d-spacings
belonging to the nanothread lattice at 6.24, 5.04, and 4.86 A
(Fig. 7). Recent photochemically mediated nanothread synth-
eses saw a reduction in reaction pressure but yielded the same
or very similar d-spacings as/to those of non-irradiated
samples.”*' Here, the introduction of photochemistry did
reduce the reaction pressure, but also resulted in a product
with d-spacings that were distinct from those obtained
through thermal compressions.

These d-spacings were compared to the simulated candi-
date structures and packings (Fig. 7). The observation of one
large and two smaller d-spacings in the experimental data
reflects elliptical cross-sections, suggesting that CB-syn lin-
kages were the reaction product. The experimental diffraction
showed three Friedel pairs for first-order diffraction spots of a
quasi-hexagonal thread packing, in contrast to the thermal
reaction product. Thus, an increase in structural order — which

Steps 1-80

Steps 14-24 Steps 27-48

6.5 Experiment Syn-1 Anti-A

Syn-2

6.0

55 u

5.0

4.5

Interplanar Spacing (A)

4.0

3.5

3.0 -

25 -

Fig. 7 Synchrotron X-ray diffraction of 1,4-cyclohexadiene compressed
to 18 GPa with 3 hours of UV light (accumulation of steps 80 scans high-
lighting Friedel pairs (scans 14-24 and 27-48)) and comparison of
experimental and simulated d-spacings. A 0.5-0.8 A (decreasing) shift
was applied to the photochemical d-spacings to compare to the theor-
etically obtained d-spacings; this shift accounts for both destraightening
and thermal expansion that is observed upon decompression in the
non-irradiated experiments (see main text). The shaded bands represent
the 0.3 A range of uncertainty.
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might arise from higher symmetry syn-cyclobutanes - was
obtained under photochemical conditions. Moreover, the
photochemical reaction product also lacked the ~5.8 A peak
observed in the thermal reaction (Table 1, DAC and PE press
24-hour experiments). The combined data suggested that
photochemical conditions selected a singular mechanistic
pathway toward cyclobutane formation, while thermal con-
ditions - which still favors cyclobutanes by achieving the [n2s
+ n2a]-trajectory — may also enable a radical-mediated pathway
(Fig. 8). In contrast, the single cyclobutane-forming pathway
was favored under photochemical conditions owing to the
Woodward-Hoffmann allowed [r2s + n2s]-pathway.

The “destraightening” seen upon pressure release for ther-
mally produced threads was expected to also impact the photo-
chemical synthesis. Given the absence of thermal expansion
within the theoretical thread packings (and the inability to
experimentally monitor the photochemical decompression),
we applied a 0.5-0.8 A (decreasing) shift to the experimentally
obtained d-spacings for the photochemical sample. This value
comes from the expansion observed upon decompression in
the thermal experiments (Fig. 7) and enables treatment of the
data obtained from both methods in the same manner when
comparing to the defect-free thread packings at 0 GPa. With
this correction, the experimental d-spacings were consistent

Pressure-Induced Polymerization of 1,4-Cyclohexadiene

Potential Products Resulitng from Polymerization

1444
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experimental and computational data support
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room temperature

Fig. 8 Summation of 1,4-cyclohexadiene polymerization, including
(top) overall accessible products, and (bottom) proposed structures
obtained from thermal and photochemically mediated experiments.
Propagation sites are bolded for clarity on proposed bond formations.
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with the simulated CB-linked syn-1 and syn-2 threads. The
stereochemistry of these threads (i.e., cis-hydrogens along the
backbone) indicated that the light mediated polymerization
promoted [n2s + =n2s]-cycloadditions in construction of the
polymer backbone. This cycloaddition is favored by both strain
minimization and orbital symmetry under photochemical con-
ditions. Thus, the use of photochemistry to mediate the
polymerization of 1,4-cyclohexadiene selected for a single peri-
cyclic-based reaction pathway resulting in a more well-defined
cyclobutane-based nanothread when compared to the thermal
polymerization (Fig. 8).

Conclusions

Herein, we disclose the synthesis of cyclobutane-linked
nanothreads, derived from the non-aromatic sp>-rich precursor
cyclohexadiene. Both 1,3- and 1,4-cyclohexadiene are separ-
ately compressed at ambient temperature, affording sp’-
enriched polymers; however, only the skipped diene ultimately
achieves products that are one-dimensional and crystalline,
likely owing to fewer viable reaction pathways. X-ray diffraction
obtained on products of thermal activation invariably demon-
strates only two visible interplanar spacings (dasnhour = 5-83
and 6.04 A, dognour = 4.90 and 6.14 A, and dpg-press = 4.98 and
5.78 A), suggesting that the threads formed do not have con-
sistent packing modes. Combined, the 24-hour experiments
within the DAC and PE press afford two different, yet comp-
lementary pairs that suggest the major product arising from
thermal polymerization pathways demonstrates elliptical
cross-sections with one shorter and two larger interplanar spa-
cings. Comparison to simulated structures supports fully satu-
rated products with anti-CB linkages being most plausible,
although zigzag arrangements cannot be fully ruled out. The
reactivity of 1,4-cyclohexadiene was further investigated using
UV light, wherein a single reaction pathway emerged: an archi-
tecture that propagated through solely [n2s + n2s]-cycloaddi-
tions was favored, as evidenced by three experimentally
observed Friedel pairs (dphoto = 4.86, 5.04, and 6.24 A) that cor-
related with a highly elliptical cross-section achieved by succes-
sive cyclobutane formation. The combined provides strong
support for the photochemically mediated polymerization of
1,4-cyclohexadiene having enabled a single reaction pathway to
be selected, in contrast to thermal methods which may access
both pericyclic and radical-based mechanisms.

The ability to utilize both thermal and photochemical acti-
vation modes to impact mechanism and potentially control
chemical reactivity under pressure has significant implications
for polymer backbone design. Moreover, the integration of
non-aromatics into Kkinetically controlled polymerizations
enables a rich variety of hydrocarbon-based materials to be
discovered based on commodity chemicals and natural
resources. While we demonstrate the light’s ability to dictate
reaction mechanism - in contrast to more viable reaction path-
ways arising from thermal polymerization - we expect many
sp>-rich non-aromatic precursors to demonstrate preferential

This journal is © The Royal Society of Chemistry 2025
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reactivities under pressure, consistent with traditional organic
synthesis.
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